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Introduction {#sec001}
============

Bulb onion (*Allium cepa* L.) is an economically important vegetable crop cultivated worldwide in a diverse range of climatic conditions varying from temperate to semi-arid. India is one of the largest producers and exporters of onion globally. During 2017--2018, India produced 232 lakh tonnes of onion, of which 15.8 lakh tonnes was exported (<http://agricoop.gov.in/>). Asia contributes 67.5% of total world production, followed by Africa (12.9%), America (10.1%), and Europe (9.3%) ([http://www.fao.org/faostat/en/\#data/QC/visualize](http://www.fao.org/faostat/en/%23data/QC/visualize)). However, drought stress causes approximately 30% yield losses in onion \[[@pone.0237457.ref001]\]. Stress due to biotic and abiotic factors is among the major constraints in exploiting the yield potential of the onion crop. In addition to biotic stress, onions are highly vulnerable to abiotic stresses such as extreme temperature injuries, drought, and waterlogging \[[@pone.0237457.ref002], [@pone.0237457.ref003]\]. In India, the majority of onions are produced during the post-monsoon season. Being a shallow-rooted crop, in the post-monsoon season, onion is highly susceptible to mid-season drought due to low moisture resulting from inadequate rainfall and the shallowness of soil, which is insufficient to cater to the crop's water demand \[[@pone.0237457.ref004], [@pone.0237457.ref005]\]. Furthermore, the majority of available high-yielding modern onion varieties are developed for their best performance under optimum irrigation conditions. Therefore, genetic improvement of the existing genetic stock for drought tolerance is key to overcome the problem of drought-related yield losses in onion.

Drought tolerance is a complex phenomenon governed by numerous genes. Drought induces a vast array of plant responses that include a change in the gene expression pattern, accumulation of metabolites such as abscisic acid (ABA) or osmotically active compounds, and synthesis of specific proteins, namely largely hydrophilic proteins, oxygen radical scavenging proteins, and chaperones. Moreover, transcriptome analyses using microarray technology, along with conventional approaches, have identified many drought stress-responsive transcription factors (TFs) in plants \[[@pone.0237457.ref006], [@pone.0237457.ref007]\].

In recent years, plant transcriptome analysis using next-generation sequencing (NGS) technology has proven to be a robust and cost-effective tool for high-throughput sequence determination. NGS-based transcriptome data analysis facilitates differential gene expression (DGE) analysis at a global level, even when the plant genome sequence is unknown. This technology thus has been widely used in different economically important crops to identify DGE under various stresses; these genes are associated with different metabolic pathways and phenotypic traits \[[@pone.0237457.ref008]--[@pone.0237457.ref010]\].

In *Allium*, key metabolites and genes were identified through targeted metabolome and transcriptome profiling of dihaploid *A*. *cepa* and dihaploid *A*. *cepa* var. aggregatum under normal conditions and various stresses \[[@pone.0237457.ref011]\]. Han et al. \[[@pone.0237457.ref012]\] identified the genes that are differentially expressed during cold acclimation of onion genotypes and revealed the freezing tolerance mechanisms in onion crop. Zheng et al. \[[@pone.0237457.ref013]\] identified 39 CepNAC TFs (the NAC family of genes, particularly NAC-IV and NAC-V groups) that are likely to be involved in stress response in onion.

However, no study to date has determined the changes at the transcriptome level, DGE profiling, and alteration in the biochemical pathways of onion under drought stress. Therefore, in the present study, the transcriptome of two contrasting onion genotypes (accession nos. 1656 and 1627) subjected to drought stress was sequenced using Illumina paired-end sequencing technology. Due to the lack of the onion genome sequence and annotation information, the generated sequence data were *de novo* assembled to yield the transcriptome, which was then annotated using publicly available resources. To the best of our knowledge, this is the first report on the drought stress transcriptome of bulb onion. The study findings suggest the differential molecular behavior of the selected varieties toward drought stress. The study also provides a basis for elucidating the further understanding of transcriptional changes underlying the drought stress response in the onion crop.

Materials and methods {#sec002}
=====================

Plant material and drought treatment {#sec003}
------------------------------------

The experiment was conducted at the ICAR-Directorate of Onion and Garlic Research (ICAR-DOGR), Pune, Maharashtra, India (N 18°84′, E 73°88′, H 553.8 m) under an automated rainout shelter. The identified drought-tolerant (Acc. 1656) and drought-senstitive (Acc. 1627) onion genotypes were selected from the germplasm collection of ICAR-DOGR. Initially, seedlings were raised in the nursery on raised beds. Then, 6-week-old seedlings from the nursery were transplanted in a plastic pot (height: 25 cm and diameter: 25 cm) of 12-kg capacity filled with field soil. The seedlings were raised under ambient growth conditions and irrigated at 100% field capacity until they reached the 5--6 leaf stage. Each treatment comprised 10 replicates (i.e., 10 pots/treatment). For drought stress treatment, 60% field capacity was maintained by withholding irrigation for 25--50 days after transplanting the seedling (drought stress-sensitive phase), and thereafter, normal 100% field capacity was retained. For the control treatment, 100% field capacity was maintained throughout the experiment. The recommended package of practices for onion was followed to raise a good crop. The leaf samples were harvested from each genotype for both the control and drought treatments. These samples were immediately frozen in liquid nitrogen and stored at −80 °C until use. The soil moisture level was monitored using the gravimetric method after every 24-h interval during the treatment. Additionally, to confirm the impact of drought stress, the plant water status was recorded by measuring relative water content (RWC) \[[@pone.0237457.ref014]\].

Growth and physiological analyses {#sec004}
---------------------------------

The growth of the plant was monitored by measuring plant height, number of leaves per plant, leaf area, and leaf length and width under the control and drought stress treatments at an interval of 6 days throughout the experiment. Total chlorophyll content of the onion leaves was estimated using the method described by Hiscox and Israelsta \[[@pone.0237457.ref015]\]. Total chlorophyll content was determined using the equation proposed by Arnon \[[@pone.0237457.ref016]\]. The membrane stability index (MSI %) was periodically measured (at 6-day interval) throughout the experiment by following the procedure described by Sairam et al. \[[@pone.0237457.ref017]\]. Total antioxidant capacity was estimated through ferric reducing antioxidant power (FRAP) assays, according to Benzie and Strain \[[@pone.0237457.ref018]\]. Total antioxidant capacity (TAC) was expressed as microgram ascorbic acid equivalents per milligram of fresh weight (FW). Total phenols were determined colorimetrically using the Folin-Ciocalteu reagent as described by Pinelo et al. \[[@pone.0237457.ref019]\]. The phenol content reported as gallic acid equivalent per gram FW of the sample. Proline accumulation was estimated according to the method given by Bates et al. \[[@pone.0237457.ref020]\]. The proline content was estimated from the standard curve using L-proline and expressed as μmol/g of FW.

RNA isolation {#sec005}
-------------

Total RNA was isolated from the leaves of plants under the control and drought treatments in triplicate by using the modified CTAB and lithium chloride method \[[@pone.0237457.ref021]\]. The quantity and quality of RNA was determined using the NanoDrop^®^ ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) and agarose gel electrophoresis. The RNA samples were then treated with DNase I to avoid possible DNA contamination. Before cDNA synthesis, the integrity of RNA was determined using Bioanalyzer 2100 (Agilent technologies, Singapore). High-quality RNA having RIN values higher than 7 were pooled in equal quantities from three replicates of the control and drought-treated samples and were used for library construction and RNA-Seq analyses.

Library preparation and RNA-Seq {#sec006}
-------------------------------

The RNA samples that passed the quality check were used to prepare RNA-Seq paired-end sequencing libraries by using the Illumina TruSeq Stranded mRNA Sample Prep kit as per the manufacturer's protocol. In brief, the mRNA was enriched using poly-T beads and then fragmented enzymatically. First-strand cDNA synthesis was then performed using SuperScript II and ActD mix. The single-stranded cDNA was converted to double-stranded cDNA by using the second strand mix. The cDNA was then purified using AMpure XP beads, and poly(A)-tailing, adaptor ligation, and enrichment were performed through PCR. The PCR-enriched libraries were analyzed in the Agilent 4200 TapeStation system (Agilent Technologies, USA) using a high-sensitivity D1000 Screen Tape as per the manufacturer's guidelines. The mean sizes of fragments in various libraries were 543, 524, 485, and 544 bp for 1656C, 1656D, 1627C, and 1627D, respectively. The libraries were then sequenced in the paired-end mode on NextSeq500 using 2 × 75 bp platform chemistry.

*De novo* transcriptome assembly and annotation {#sec007}
-----------------------------------------------

Quality of the captured high-throughput sequencing data was assessed using FastQC Toolkit v0.11.7 (<https://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). The low-quality reads and adapters were removed from the raw reads using NGSQC Toolkit v2.3.3 (<http://www.nipgr.ac.in/ngsqctoolkit.html>) wherever necessary. The obtained high-quality raw reads (≤Q20) were subjected to the Trinity assembler v2.2.0 (<https://github.com/trinityrnaseq/trinityrnaseq/wiki>) to build the merged transcriptome (control and treated) for the 1656 and 1627 genotypes in independent attempts. To obtain representative transcripts, we clustered the merged transcriptome using CD-HIT v4.7 (<http://weizhongli-lab.org/cd-hit/download.php>). The whole transcriptome quantitation was performed using Kallisto v0.44.0 (<https://pachterlab.github.io/kallisto/download>). DESeq, an R package, was used for DGE profiling. To assess DGE between two conditions, we used 2 as a log2fold change cut-off by selecting significant (p value ≤ 0.05) transcripts.

The final version of the transcriptome (CD-HIT clustered) was annotated using DIAMOND BLASTX v0.8.22 (<https://ab.inf.uni-tuebingen.de/software/diamond>) utility against NCBI's non-redundant protein database (NRDB) (<ftp://ftp.ncbi.nlm.nih.gov/blast/db/>), UniProt/SwissProt database (<https://www.uniprot.org/>), plantTFDB (<http://planttfdb.cbi.pku.edu.cn/>) with an e-value of ≤10^−5^. The gene ontology (GO) and pathway annotation fetched using the online UniProt/SwissProt ID mapping functionality. The Transeq utility is available under the EMBOSS v6.6.0 (<http://emboss.sourceforge.net/download/>) package used to convert the transcripts into the longest possible open reading frame. Such converted protein sequences were then scanned for the Clusters of Orthologous Group (COG) categories using a standalone version of emapper v1.0.3 against eggNOG v4.5.1 ([http://eggnogdb.embl.de/\#/app/downloads](http://eggnogdb.embl.de/%23/app/downloads)). The presence of various functional and/or conserved domains, protein families, and other important sequence signatures was determined by scanning the whole transcriptome against different databases such as Pfam, TIGRFAM, and SUPERFAMILY implemented under a standalone version of InterProScan v5.33--72.0 (<https://www.ebi.ac.uk/interpro/download.html>).

To study drought-responsive genes, we mapped the HQ reads on droughtDB (protein sequences) using the DIAMOND BLASTX utility with an e-value of ≤10^−5^ in an independent attempt for both samples of both genotypes. To capture the raw read count and coverage per gene, we used a pileup.sh program implemented under the BBMap suite (<https://sourceforge.net/projects/bbmap/>).

Validation of DGE under drought stress using qRT-PCR {#sec008}
----------------------------------------------------

Transcripts that showed the differential expression behavior and encoded drought stress-responsive proteins were selected and validated using qRT-PCR. Transcripts such as methylmalonyl-CoA epimerase, Ninja-family protein AFP3-like, vacuolar amino acid transporter, beta-galactosidase, WALLS ARE THIN1 (WAT1)-related protein, malate synthase, 21-kDa protein, NAC transcription factor 29-like, ABC transporter G (ABCG), protein STAY-GREEN, chaperone, L-ascorbate oxidase, superoxide dismutase, WRKY transcription factor 70, and aquaporin 1 were selected ([S5 File](#pone.0237457.s007){ref-type="supplementary-material"}). RNA was isolated from the same samples that were used for RNA-Seq analyses and treated with DNase I (Thermo Scientific, Lithuania) to remove possible DNA contamination. cDNA was synthesized using 1 μg of RNA from each sample using a cDNA synthesis kit (Thermo Scientific, Lithuania). Three biological and three technical replicates of each sample were used. Primers for the selected genes were designed using the Primer-BLAST program at NCBI (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>). The actin gene was used as an internal control of the experiment. Expression analyses of selected genes was performed in LightCylcer 480 II (Roche, Germany) using the LightCycler 480 SYBR Green I Master Mix kit (Roche, Germany). The relative expression and fold changes were calculated using the 2^−ΔΔCt^ method \[[@pone.0237457.ref022]\].

Results {#sec009}
=======

Physiological and biochemical analyses {#sec010}
--------------------------------------

Physiological and biochemical parameters such as chlorophyll content, MSI, RWC, and antioxidant, phenol, and proline content were found to be higher in the tolerant genotype (1656) than in the susceptible genotype under drought stress ([Fig 1](#pone.0237457.g001){ref-type="fig"}; [S1 File](#pone.0237457.s003){ref-type="supplementary-material"}). The two genotypes significantly varied in plant height under drought stress. The tolerant genotype significantly maintained higher number of leaves and leaf area during stress treatment than the susceptible genotype ([Fig 2](#pone.0237457.g002){ref-type="fig"}), reflecting its ability to maintain higher photosynthesis activity under stressful conditions. RWC and MSI were directly proportional to drought tolerance and differed significantly among the studied genotypes as the stress increased. After 25 days of stress treatment, the tolerant genotype (1656) maintained higher plant RWC (\>60%) and less membrane damage as reflected by their higher membrane stability (75%). Conversely, the sensitive genotype (1627) showed more membrane damage and lower tissue water content in response to water stress. The leaf chlorophyll content also followed the same pattern, that is, it differed among the genotypes subjected to drought stress. The tolerant genotype retained significantly higher chlorophyll content as stress severity increased, whereas the leaf senescence rate became more pronounced in the susceptible genotype in response to water stress. Total phenol content, which is directly linked to onion pungency, was found to be elevated in response to drought stress. The tolerant genotype had 10% more phenol content than the susceptible genotype under water stress. Proline is a crucial drought stress indicator that plays a major role in cell osmoregulation. After 25 days of water stress treatment, proline content increased in the contrasting genotypes \[204% in the tolerant genotype (1656) and 137% in the susceptible genotype (1627)\]. This higher increase in the proline level reflects the drought adaptive mechanism present in the tolerant genotype (1656). Similarly, antioxidant enzyme activity, which is involved in scavenging reactive oxygen species (ROS) during oxidative or water stress, was found to be significantly higher in the tolerant genotype (1656) and lower in the sensitive genotype (1627). Thus, the tolerant genotype exhibited a drought adaptive mechanism that enabled it to survive in the water scarce environment.

![Differential physiological and biochemical response in drought sensitive (1627) and tolerant (1656) onion genotypes.\
A. Total antioxidant, B. Proline content, C. Relative water content and D. Total chlorophyll content.](pone.0237457.g001){#pone.0237457.g001}

![Diffrential morphological response in drought sensitive (1627) and tolerant (1656) onion genotypes.\
A. Plant height, B. Leaf area, C. Number of leaves, D. Leaf length.](pone.0237457.g002){#pone.0237457.g002}

RNA-Seq and *de novo* transcriptome assembly {#sec011}
--------------------------------------------

A total of 150.92 million raw reads generated from the control and drought-treated samples of drought-sensitive (1627) and drought-tolerant (1656) genotypes. In both the samples, we got sufficient HQ reads required for the transcriptome expression analysis, that is, on an average \>30 million reads. The *de novo* transcriptome assembly yielded a total of 144668 and 164956 transcripts for samples 1656 and 1627, respectively. Then, these primary transcripts were clustered at 80% identity and 80% coverage cut-off to obtain the representative and non-redundant transcript set for both the samples in an independent attempt. A total of 123206 and 139252 non-redundant transcripts for 1656 and 1627, respectively, were clustered and resulted in the final transcriptome. The average transcript length was 690 bp with N50 statistics 1110 bp, and the maximum transcript length was 15436 bases while the GC content of the transcripts was 37.7% (1656) and 37.5% (1627) ([Table 1](#pone.0237457.t001){ref-type="table"}). This set of transcripts was used for further downstream analysis. The raw sequencing data have been submitted to NCBI (BioProject: PRJNA595061).

10.1371/journal.pone.0237457.t001

###### Primary and final assembly statistics of 1656 and 1627 in control and drought stress treated onion libraries.

![](pone.0237457.t001){#pone.0237457.t001g}

  Parameters                                    1656     1627
  --------------------------------------------- -------- --------
  Total No. of transcripts                      123206   139252
  Length of the transcriptome (Million Bases)   84.57    96.29
  Max transcript length (bases)                 13837    15436
  Average transcript length (bases)             686.48   691.50
  Median transcript length (bases)              384.00   392.00
  N50 length (bases)                            1111     1107
  \% GC                                         37.77%   37.57%

Differential gene expression {#sec012}
----------------------------

We performed *de novo* DGE analyses using aligned reads of the drought-tolerant (1656C vs 1656D) and drought-sensitive (1627C vs 1627D) onion cultivars. DGE analyses of 1656C versus 1656D resulted in the upregulation of 1189 genes and downregulation of 1180 genes, whereas in the case of 1627C versus 1627D, 872 genes were upregulated and 1292 genes were downregulated ([Fig 3](#pone.0237457.g003){ref-type="fig"}, [S2](#pone.0237457.s004){ref-type="supplementary-material"} and [S3](#pone.0237457.s005){ref-type="supplementary-material"} Files).

![Differential expression pattern showed by drought sensitive (1627) and tolerant (1656) onion genotypes under drought stress.](pone.0237457.g003){#pone.0237457.g003}

Functional annotation of transcripts expressed in onion under drought stress {#sec013}
----------------------------------------------------------------------------

In total, 26428 (i.e., 21.45%) and 28109 (i.e., 20.18%) transcripts were successfully annotated with NCBI's non-redundant protein database (NRDB) from samples 1656D and 1627D, respectively, at an e-value of ≤10^−5^ and a query coverage of ≥50%. The reference database identifiers from the annotated transcripts were used for obtaining the GO and KEGG pathways along with other relevant information.

The transcripts were grouped into three categories based on the GO annotation: cellular components (CC), biological processes (BP), and molecular functions (MF). For sample 1627D, 255 unique CC categories were reported for 2252 transcripts (5.57%), whereas 3034 transcripts (7.51%) were annotated with 715 unique BP terms and 4864 transcripts (12.04%) showed hits against 757 unique MF terms. On the other hand, for sample 1656D, 255 unique CC categories were reported for 3442 transcripts (9.19%), 707 unique BP terms were reported for 4012 transcripts (10.77%), and 751 non-redundant MF terms were assigned to 6582 transcripts (17.68%). In both the samples, the MF terms were abundant, followed by the BP and CC categories. In the CC category, integral components of the membrane (GO:0016021) and nucleus (GO:0005634) were overrepresented, followed by the cytoplasm (GO:0005737), ribosome (GO:0005840), plasma membrane (GO:0005886), chloroplast (GO:0009507), and mitochondrion (GO:0005739). Similarly, the BP category indicates the high abundance of vital cellular processes such as photosynthesis, carbohydrate metabolism, cell wall organization, and transcription--translation. Among them, DNA integration (GO:0015074) and transcription (GO:0006451) were adequately represented. On the other hand, the MF category showed a high influence of MF such as nucleic acid binding, ATP binding, and protein kinase activity. In the MF category, nucleic acid binding (GO:0003676) and ATP binding (GO:0005524) were abundantly represented. ([Fig 4A and 4B](#pone.0237457.g004){ref-type="fig"}). In the KEGG pathway analysis, the highest percentage of the transcripts was reported to be involved in glycan metabolism (6%--7%), lipid metabolism (5%--6%), pectin degradation (4%--5%), and carbohydrate degradation (3%--5%) ([Fig 4C and 4D](#pone.0237457.g004){ref-type="fig"}). Of the total annotated transcripts, most transcripts matched with the *Asparagus officinalis* proteome (46%-- 48%), followed by the proteomes of *Elaeis guineensis* (6.5%) and *Phoenix dactylifera* (5.3%) ([Fig 4E and 4F](#pone.0237457.g004){ref-type="fig"}).

![Functional annotation of transcripts expressed in drought sensitive (1627) and tolerant (1656) onion genotypes under drought stress.\
A, B: Gene ontology, C,D: KEGG pathway analyses, E,F: Species hit distribution.](pone.0237457.g004){#pone.0237457.g004}

The COG category distribution revealed that the major transcripts may contribute to signal transduction mechanisms (\~7%), post-translational modification/protein turnover/chaperones (\~6.8%), carbohydrate transport (4.92%), and metabolism/energy production and conversion (4.43%) COG categories in both the samples ([S1 Fig](#pone.0237457.s002){ref-type="supplementary-material"}, [S4 File](#pone.0237457.s006){ref-type="supplementary-material"}). The InterProScan analysis acknowledged the presence of various crucial conserved and functional signatures in our transcriptome such as membrane topology, signal peptides, and various functional domains ([S1 Table](#pone.0237457.s001){ref-type="supplementary-material"}). The homology-based sequence search against plantTFDB revealed the strong association of TFs extensively involved in plant growth promotion in both the samples such as MYB, bHLH, and ERF. The detailed distribution of TFs is presented in [Fig 5](#pone.0237457.g005){ref-type="fig"}. The aforementioned TFs were found to be upregulated in onion under drought stress.

![Transcription factor distribution in assembled transcriptome of A. drought sensitive (1627) and B. tolerant (1656) onion genotypes under drought stress.](pone.0237457.g005){#pone.0237457.g005}

Drought-related gene expression analysis {#sec014}
----------------------------------------

The average gene sequence coverage (≥50%) was considered to prune down the significant hits in the homology-based sequence search performed against droughtDB. The overall expression pattern of the significant genes from droughtDB was visualized in the form of a divergent plot by using fold change calculated by comparing the drought treatment with respective controls of the variety ([Fig 6](#pone.0237457.g006){ref-type="fig"}). TFs, membrane transporters, ABC transporters, cytochrome P450, antioxidants, and heat shock proteins were upregulated in onion cultivars under drought stress.

![Differential expression pattern (fold change) of the genes from droughtDB in A. drought sensitive (1627) and B. drought tolerant (1656) onion genotypes under drought stress.](pone.0237457.g006){#pone.0237457.g006}

Among TFs, NAC, MYB, and WRKY families were highly upregulated in the tolerant cultivar. From 1656D, 10 members of NAC were differentially expressed and 9 were upregulated (up to 5.3-fold). While in the case of 1627D, 7 members of NAC were found to be differentially expressed and only 1 was upregulated. NAC29 was upregulated 4.8-fold in the tolerant cultivar (1656D). Similarly, in 1656D, of the 10 MYB family members, 8 were upregulated (up to 4-fold), whereas in 1627D, all 3 MYBs were downregulated in response to drought. WRKY TFs were also upregulated up to 5.5-fold in 1656D, whereas all WRKYs were downregulated in 1627D under drought.

Cytochrome P450 (CYP) genes were also found to be differentially expressed in response to drought stress in onion. CYP81, CYP71A, and CYP85A (7-, 6.1-, and 3.2-fold, respectively) showed high upregulation in the tolerant cultivar (1656) than in the susceptible cultivar (1627) (2.6-, −4-, and −2.5-fold, respectively). None of the P450 members were downregulated under drought stress in the tolerant cultivar, but several CYPs were downregulated in the susceptible cultivar.

Aquaporins occur in multiple isoforms in both plasmalemma and tonoplast membranes of plants. They regulate water transport in plants. In the present study, several aquaporins were differentially expressed in onion under drought stress such as aquaporin NIP1-1-like (5-fold) and aquaporin TIP3-2 (3.9-fold). Amino acid transporters such as vacuolar amino acid transporter (6.1-fold) and cationic amino acid transporter (3.6-fold) were upregulated in onion under drought stress. Similarly, the GABA transporter showed 4.8-fold upregulation in response to drought stress in onion.

ABA biosynthesis from carotenoids is catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED). A 3-fold increase was observed in the transcript level of *NCED* in the tolerant genotype (1656). Genes encoding ABA transporters such as the ABC subfamily G and NRT1/PTR family genes were also upregulated (3.9- and 6.2-fold, respectively) in the tolerant genotype. SNF1-related protein kinases were also upregulated (4.1-fold) in the tolerant genotype under drought stress.

Onion RNA-Seq data in the present study showed upregulation of flavonoid biosynthesis genes such as those encoding UDP-glycosyltransferase (4.9-fold), anthocyanidin 5,3-O-glucosyltransferase (3.2-fold), flavonoid glucosyltransferase (3.5-fold), and flavonol synthase (2.4-fold) in the drought-tolerant genotype (1656).

Moreover, genes for detoxification and ROS-scavenging enzymes (peroxidase, superoxide dismutase, and ascorbate oxidase) were found to be differentially expressed in onion under drought stress. Several genes related to carbohydrate metabolism, such as α-galactosidase (3.7-fold), β-galactosidase (7.3-fold), galactinol synthase (2.5-fold), galactinol---sucrose galactosyltransferase (4.9-fold), sucrose synthase (2.3-fold), and UDP-glucose 6-dehydrogenase (3.8-fold), were upregulated in the tolerant genotype (1656) under drought stress. Upregulation of these sugar metabolism genes in 1656 indicated their role in drought tolerance.

Overall, 21-kDA protein (9-fold), cytochrome P450 CYP81 (7-fold), RING-H2 finger protein (6.3-fold), momilactone A synthase-like (8.3-fold), peroxygenase 4 (6.7-fold), BAT-1 (DEAD Box BAT-1-like RNA helicase 15 isoform) (7.03-fold), and NAC29 (4.8-fold) are promising candidate genes that were upregulated manifold in the tolerant lines than in the sensitive counterpart in response to drought stress.

Validation of DGE under drought stress using qRT-PCR {#sec015}
----------------------------------------------------

We validated the results of transcriptome analyses by using qRT-PCR of 15 randomly selected drought-related genes. The fold changes varied in RNA-Seq and qPCR analyses. However, the overall qPCR expression profile of most of the genes was in agreement with the RNA-Seq profile, which indicated the reliability of RNA-Seq data ([Fig 7](#pone.0237457.g007){ref-type="fig"}).

![Validation of few selected genes using qRT-PCR in A. drought sensitive (1627) and B. tolerant (1656) onion genotypes under drought stress.](pone.0237457.g007){#pone.0237457.g007}

Discussion {#sec016}
==========

Two contrasting onion genotypes under drought stress were employed: drought-tolerant genotype (1656) and drought-susceptible genotype (1627). Their ability to tolerate drought stress for consecutive 25 days was evaluated on the basis of their morphological and biochemical performance. Being a shallow-rooted crop, onion requires frequent irrigation to maintain the desired yield and bulb quality \[[@pone.0237457.ref023]\]. According to a previous report, higher accumulation of compatible solutes such as proline and soluble sugars and an increase in antioxidant enzyme activity play a substantial role in osmoregulation, thus improving cellular turgidity and membrane stability in the tolerant wheat cultivar under water stress \[[@pone.0237457.ref024]\]. Similar results were recorded in our earlier study with the well-known short-day onion cultivar Bhima Kiran, where the decline in overall physiological and biochemical parameters was recorded in response to drought stress, which affected the entire plant growth and yield \[[@pone.0237457.ref002]\]. Wakchaure et al. \[[@pone.0237457.ref025]\] reported that limited irrigation or water deficit stress in onion severely affects the crop growth rate as indicated by a reduction in plant height, leaf area index, and chlorophyll content and other important physiological parameters contributing to the overall bulb quality and yield.

RNA-Seq and functional annotation {#sec017}
---------------------------------

RNA-Seq is rapid, inexpensive, and independent of genome complexity, and thus, NGS has emerged as a method of choice for expression analyses, discovery of new genes, and development of molecular markers in crops where genome sequence information is not available. In the present study, we used the Illumina Next 500 platform and generated 150.92 million raw reads from the control and drought-treated samples of drought-sensitive (1627) and drought-tolerant (1656) genotypes. Similar transcriptome statistics were also reported in other RNA-Seq analyses in onion; Zhang et al. \[[@pone.0237457.ref013]\] generated 72.53 million 100-bp paired-end reads, while Shemesh-Mayer et al. \[[@pone.0237457.ref026]\] sequenced six libraries from 100-bp one-end reads. These RNA-Seq data suggested that *de novo* assembly was effective and captured the majority portion of the onion transcriptome.

For the functional annotation, we searched the final transcriptome against NCBI's NRDB using DIAMOND BLASTX utility. Very few curated protein sequences are available for *A*. *cepa* in the database; therefore, we got the annotation across various organisms. Of all other organisms, we found *A*. *officinalis* as the major contributor. Recently, Mehra et al. \[[@pone.0237457.ref027]\] performed a transcriptome analysis of snow mountain garlic and reported the highest homology with *A*. *officinalis*. Han et al. \[[@pone.0237457.ref012]\] conducted a similar study investigating the effect of cold stress on onion by using the transcriptome of *A*. *fistulosum*. Sun et al. \[[@pone.0237457.ref028]\] reported the highest match with *Vitis vinifera*, while Zhang et al. \[[@pone.0237457.ref013]\] reported the highest match with *E*. *guineensis*, followed by *P*. *dactylifera*. *A*. *officinalis* is closely related to the alliums, and the recent availability of its genome sequence resulted in the highest similarity with onion transcriptome data. Several TF families (MYB, WRKY, NAC, and bHLH) were identified by searching plantTFDB. These TFs are known to play a role in molecular regulation in response to biotic as well as abiotic stresses in several plants \[[@pone.0237457.ref029]\], including onion under the cold \[[@pone.0237457.ref012]\] and heat stress \[[@pone.0237457.ref030]\]. InterProScan analysis was performed for functional analysis of transcripts by classifying them into families and predicting domains and important sites. Transmembrane domains, conserved domains, and protein superfamilies were predicted from the present transcriptome data by using InterProScan. Similar analyses were performed for domain and motif information in garlic \[[@pone.0237457.ref027]\] and giant reed \[[@pone.0237457.ref031]\]. Almost 30% of transcripts in the present study were unknown or not annotated, and they might be unique to onion.

Drought-related gene expression analysis {#sec018}
----------------------------------------

NAC29 is known for its role in abiotic stress tolerance, and transgenic *Arabidopsis* expressing NAC29 from wheat showed increased tolerance to salinity and dehydration stress by delaying senescence \[[@pone.0237457.ref032]\]. When overexpressed in *Arabidopsis*, MYB44 helps in ABA-mediated stomatal closure upon salt and drought stress \[[@pone.0237457.ref033]\]. MYB108 was reported to be highly upregulated under drought stress in poplar \[[@pone.0237457.ref034]\]. MYB108 and MYB39 were also upregulated in response to heavy metal stress \[[@pone.0237457.ref035]\]. WRKY41 increased tolerance to salinity and drought stress when expressed in transgenic tobacco \[[@pone.0237457.ref036]\]. Similarly, along with other WRKYs, WRKY75 is known to modulate abiotic stress response \[[@pone.0237457.ref037]\] and is a modulator for phosphate uptake and root development in *Arabidopsis* \[[@pone.0237457.ref038]\]. Such a significant difference in the expression pattern of NAC, MYB, and WRKY suggests their crucial role in molecular reconfiguration at the RNA level, which ultimately imparted drought stress tolerance to 1656.

CYPs are a large and diverse family of genes in plants; several P450 genes are reported to increase abiotic stress tolerance \[[@pone.0237457.ref039]\]. CYP85A is involved in brassinosteroid biosynthesis, and overexpression of spinach CYP85A in tobacco led to an increase in drought tolerance as well as root development \[[@pone.0237457.ref040]\]. The upregulation of several CYPs was also reported in the transcriptome data of perennial ryegrass in response to heat stress \[[@pone.0237457.ref041]\]. Thus, the upregulation of P450 genes in 1656 might contribute to its drought tolerance.

NIPs have an essential role in maintaining water balance during drought and salinity stress \[[@pone.0237457.ref042]\]. RNA-Seq analyses of potato revealed the upregulation of aquaporin TIP3-2 under drought stress \[[@pone.0237457.ref043]\]. Thus, aquaporins can be considered potential drought tolerance-inducing proteins in onion and other *Allium* crops. Drought tolerance is partially associated with amino acid accumulation \[[@pone.0237457.ref044]\]. These amino acids serve as osmolytes, and ROS-scavenging and signaling molecules in plant stress response \[[@pone.0237457.ref045]\]. GABA is a well-known molecule involved in enhancement of abiotic stress tolerance \[[@pone.0237457.ref046], [@pone.0237457.ref047]\]. Moreover, few ABC transporters were upregulated under drought stress in onion. They are involved in stomatal closure during water stress.

ABA is known as a stress hormone because of its central role in response to various stresses. To cope up with stress with the help of ABA signaling, transcriptional upregulation of *NCED* occurs under drought stress \[[@pone.0237457.ref048]\]. ABA is generally transported by passive diffusion to guard cells. However, ABA can be transported by a few transporters such as members of the ABC subfamily G and NRT1/PTR family \[[@pone.0237457.ref049], [@pone.0237457.ref050]\]. They might facilitate stomatal closure in 1656 and assist in minimizing water loss. SNF1-related protein kinases are the subfamily of serine/threonine kinases that play a crucial role in ABA and sugar signaling \[[@pone.0237457.ref051]\]. SNF1-related protein kinases that are upregulated in onion under drought stress might phosphorylate the various TFs by regulating the ABA-dependent signaling cascade to enhance drought tolerance.

Flavonoids have antioxidant properties and are known to have a role in conferring abiotic stress tolerance to plants \[[@pone.0237457.ref052], [@pone.0237457.ref053]\]. Integrated RNA-Seq and metabolomics studies have revealed the upregulation of flavonoids and flavonoid biosynthesis genes in shallot doubled haploid \[[@pone.0237457.ref011]\].

Carbohydrate metabolism also plays a vital role in abiotic stress tolerance \[[@pone.0237457.ref054], [@pone.0237457.ref055]\]. Several sugar metabolism-associated genes were upregulated in onion under drought stress. These genes were reported to be upregulated in shallot doubled haploid and might have imparted stress tolerance to shallot than to onion \[[@pone.0237457.ref011]\]. Carbohydrate metabolism-associated genes were also upregulated in onion under cold stress \[[@pone.0237457.ref012]\] and in *Camellia sinensis* under drought stress \[[@pone.0237457.ref009]\].

Few important genes in abiotic stress response such as 21-kDa protein, cytochrome P450 CYP81, RING-H2 finger protein, momilactone A synthase-like, peroxygenase 4, and BAT-1 (DEAD Box BAT-1-like RNA helicase 15 isoform) were upregulated several fold in 1656 under drought stress. DEAD-box RNA helicases are proteins of a category that play a crucial role in maintaining cell genome integrity during stress conditions \[[@pone.0237457.ref056]\]. OsBAT1 was upregulated under abiotic stress in rice and showed unique characteristics such as unwinding of both DNA and RNA duplexes; bipolar translocation and its transcript upregulation under abiotic stresses, indicated that it is a multifunctional protein \[[@pone.0237457.ref057]\]. ROS signaling plays a critical role in plant responses to abiotic stress such as drought and salinity. CYPs are associated with protection of plants from harsh environmental conditions by increasing the activity of compounds such as flavonoids that have an increased antioxidant activity \[[@pone.0237457.ref058]\]. However, the cytochrome P450 gene cluster member *TaCYP81D5* conferred salinity tolerance in wheat by ROS scavenging \[[@pone.0237457.ref059]\]. Peroxygenases are invloved in oxylipin metabolism and are important in plant stress response. In response to drought stress, peroxygenase 4 was upregulated (10.1-fold) in creeping bent grass (*Agrostis stolonifera*) \[[@pone.0237457.ref060]\]. Furthermore, RING-H2 finger proteins are a special type of zinc finger proteins known to increase stress tolerance by modulating the hormonal profile of tomato \[[@pone.0237457.ref061]\] and *Arabidopsis* \[[@pone.0237457.ref062]\] to cope up with adverse environmental conditions. Momilactones are allopathic phytoalexins involved in disease and weed resistance in rice. Xuan et al. \[[@pone.0237457.ref063]\] reported that momilactone A was more efficient in conferring salinity and drought stress tolerance than resistance to weed. Momilactone need to be characterized in onion for a better understanding of their role in conferring stress tolerance.

Validation of DGE under drought stress using qRT-PCR {#sec019}
----------------------------------------------------

The expression trends of genes from qRT-PCR corresponded with those of transcriptome analyses, thus validating the RNA-Seq data. NAC29 from wheat enhanced drought and salt tolerance in *Arabidopsis* by delaying senescence and boosting primary root elongation \[[@pone.0237457.ref032]\]. STAY-GREEN is a well-known protein involved in drought tolerance in a number of crops; it acts by slowing down chlorophyll degradation \[[@pone.0237457.ref064]\]. In the present experiment, chlorophyll content in the drought-tolerant genotype (1656) was more under drought stress than in its susceptible counterpart (1627). This might be linked to the upregulation of the aforementioned genes. Ascorbate oxidases are involved in plant stress tolerance through ROS scavenging \[[@pone.0237457.ref065]\], which is upregulated in the drought-tolerant genotype (1656). Malate synthase, a marker for the glyoxylate cycle, was upregulated \>15-fold under drought stress in the drought-tolerant genotype (1656). Malate synthase is also found to be upregulated by ABA treatment \[[@pone.0237457.ref066]\]. The 21-kDa protein was one of the prominent proteins to be upregulated in salinity stress in finger millet \[[@pone.0237457.ref067]\]. However, in the current study, the 21-kDa protein gene was upregulated 9.33-fold in the drought-tolerant genotype under drought stress. WAT1 is a vacuolar auxin transport facilitator required for auxin homoeostasis during drought stress \[[@pone.0237457.ref068]\]. WAT1 was upregulated in the drought-tolerant line of maize \[[@pone.0237457.ref069]\]. The TF ABA-Insensitive 5 (ABI5) is a key regulator of ABA signaling and stress response. ABI5-binding proteins are induced by ABA and/or dehydration stresses in *Arabidopsis* \[[@pone.0237457.ref070], [@pone.0237457.ref071]\]. ABA biosynthesis is highly induced by dehydration in the vascular parenchyma cells of roots and shoots. However, the plant ABCG was shown to transport terpenoids, and because ABA is a tetraterpene-derived sesquiterpene, ABCG proteins are strong candidates for ABA transporters \[[@pone.0237457.ref072]\].

Conclusion {#sec020}
==========

Onion is a shallow-rooted plant, and thus is likely susceptible to drought stress. Here, we performed transcriptome sequencing of drought-tolerant and susceptible onion genotypes. More than 1100 differentially expressed genes were identified from these genotypes under drought stress. These genes were functionally annotated using various standard bioinformatics programs. Several drought-responsive genes were upregulated in the tolerant genotype (1656) such as those encoding TFs, cytochrome 450, and membrane transporters, and those associated with carbohydrate metabolism and flavonoid biosynthesis. These genes might confer drought tolerance in this onion genotype at the molecular level. Physiological and biochemical parameters also indicated the better performance of the 1656 genotype over the 1627 genotype under drought stress conditions. To our best knowledge, the present study is the first to report the transcriptomic analysis of drought response in onion. The study findings will help researchers have an improved understanding of the molecular basis of drought response in onion.
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Dear Dr. G,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

ACADEMIC EDITOR: The reviewers make critical recommendations, but an important consideration is whether the study is technically sound and describes a significant new advance in the area. Unfortunately it appears that additional work is needed as indicated by reviewers. If these were meticulously performed, then I am sure that the MS could be reconsidered.

Manuscript require improvement in grammar, usage, and overall readability

Please ensure that your decision is justified on PLOS ONE's [publication criteria](https://journals.plos.org/plosone/s/criteria-for-publication) and not, for example, on novelty or perceived impact.

Please submit your revised manuscript by Jul 10 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Kundan Kumar, PhD

Academic Editor

PLOS ONE

Journal requirements:

When submitting your revision, we need you to address these additional requirements:

1.    Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf> and <http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. We suggest you thoroughly copyedit your manuscript for language usage, spelling, and grammar. If you do not know anyone who can help you do this, you may wish to consider employing a professional scientific editing service.  

Whilst you may use any professional scientific editing service of your choice, PLOS has partnered with both American Journal Experts (AJE) and Editage to provide discounted services to PLOS authors. Both organizations have experience helping authors meet PLOS guidelines and can provide language editing, translation, manuscript formatting, and figure formatting to ensure your manuscript meets our submission guidelines. To take advantage of our partnership with AJE, visit the AJE website ([http://learn.aje.com/plos/](about:blank)) for a 15% discount off AJE services. To take advantage of our partnership with Editage, visit the Editage website ([www.editage.com](http://www.editage.com)) and enter referral code PLOSEDIT for a 15% discount off Editage services.  If the PLOS editorial team finds any language issues in text that either AJE or Editage has edited, the service provider will re-edit the text for free.

Upon resubmission, please provide the following:

●      The name of the colleague or the details of the professional service that edited your manuscript

●      A copy of your manuscript showing your changes by either highlighting them or using track changes (uploaded as a \*supporting information\* file)

●      A clean copy of the edited manuscript (uploaded as the new \*manuscript\* file)

3\. PLOS requires an ORCID iD for the corresponding author in Editorial Manager on papers submitted after December 6th, 2016. Please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field. This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager. Please see the following video for instructions on linking an ORCID iD to your Editorial Manager account: <https://www.youtube.com/watch?v=_xcclfuvtxQ>
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Though RNA-Seq based works are very common now-a-days for investigating role, discovery of candidate genes and markers and differential gene expression profiling, yet the work entitled "Comparative transcriptome analyses in contrasting onion (Allium cepa L.) genotypes for drought stress" is important in two respects, one the crop is commercially important and second, drought stress which causes huge yield loss. I commend the authors for this study, and would like some clarity on following points:

Comment 1:

"Authors performed de novo DGE analyses using aligned reads of drought-tolerant (1656C vs 1656D) and drought-sensitive (1627C vs 1627D) onion cultivars".

I believe, the comparative analysis should have been made also between 1627D vs 1656D and 1627C vs 1656C. This could be important in better understanding the drought stress in tolerant and susceptible genotype.

Comment 2:

Why not genes were selected based on their high fold change value (negative and positive) and drought-related instead of random selection just for validation of RNA-Seq identified DGEs. Also the gene expression analysis at 6, 12, 18, 24 days should have been performed to correlate with biochemical and physiological data related to drought stress.

Comment 3:

The study comes out with a long list of drought stress-related such as genes encoding transcription factors, cytochrome P450, membrane transporters, flavonoids, and carbohydrate metabolism, etc. which showed differential expression behavior in tolerant and susceptible genotypes, it would not be much helpful in understanding the key role players. Can authors enlist few candidate genes for drought stress in onion based on present study?

Comment 4:

"Total phenol content that directly linked with the onion pungency and found to be elevated in response to drought stress". Why none of the genes related to phenylpropanoid/Flavonoid pathway were included qRT-PCR.

Comment 5:

Discussion lacks on up-regulated genes in tolerant genotype like WAT 1 related protein, NINJA family AFP1, Methyl malonyl co-A epimerase and 21KDa Protein.

Comment 6:

Some figures labels needs clarity such as Figure 3 and Figure 5, the labels are difficult to read.

Reviewer \#2: Introduction about onion is very shallow. Provide the data of onion production and loss occurs due to other stress and then mention the yield loss due to drought.

Introduction line no. 70: mention the name of the genotypes.

Introduction line no. 75-80 is the part of the result and do not need to describe here.

MM: 89: 1656 and 1627 are the cv nos? specify clearly.

MM: irrigated at 100% field capacity until they reached the 5-6 leaf stage, how come it is mentioned as field capacity, though plants are in pots.

L188: mention the name of selected genes, and site the table for the primers here.

Fig1 A: change sample as genotypes and treatments.

Morphological data should be added in main figure, shift from supplementary to main text.

L 200: significantly maintained the number of leaves, is it higher then edit the sentence as

Significantly maintained higher number of leaves

For membrane damage, authors are advised to include MDA data.

L 208, 209: incomplete sentence, please edit it: The observation recorded for leaf chlorophyll content was also in the same line 209 differing among the genotypes subjected to drought stress.

L 212: Total phenol content that directly linked with the onion pungency and found to be

elevated in response to drought stress.: and should be was

L258: , needs to be place before and after respectively.

Fig 3A-F, Fig. 5: font size is too small and is not readable.

L 305-353: data mentioned in the result section should be properly checked as at some point the fold expression has not been mentioned. Authors should uniformly mention the fold expression, where it upregulated or down regulated

L 354-359: The real time expression in the result section is written as MM part and result is missing. Pl write the result part properly. Move this write up in MM.

Prediction of SSR data does not fit relevant.

The authors are advised to correct the MS thoroughly.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Dr. Ravi Shankar Singh

Reviewer \#2: Yes: Pradeep K Agarwal

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

###### 

Submitted filename: PONE-D-20-06651_Reviewers comments.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0237457.r002

Author response to Decision Letter 0
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As per Editor\'s suggestion the manuscript copyedited from \"Scholarly Editing and Translation Services Pvt. Ltd.\" for language usage, spelling and grammar. Also we ensured that the manuscript meets PLOS ONE\'s style requirements, including the file names.

The reviewer\'s comments are responded as following.

Reviewer \#1: Though RNA-Seq based works are very common now-a-days for investigating role, discovery of candidate genes and markers and differential gene expression profiling, yet the work entitled "Comparative transcriptome analyses in contrasting onion (Allium cepa L.) genotypes for drought stress" is important in two respects, one the crop is commercially important and second, drought stress which causes huge yield loss. I commend the authors for this study, and would like some clarity on following points:

Comment 1:

"Authors performed de novo DGE analyses using aligned reads of drought-tolerant (1656C vs 1656D) and drought-sensitive (1627C vs 1627D) onion cultivars". I believe, the comparative analysis should have been made also between 1627D vs 1656D and 1627C vs 1656C. This could be important in better understanding the drought stress in tolerant and susceptible genotype.

Response: We do agree with this comment. We would be happy to perform additional analysis suggested by the reviewer. But, due to Covid-19 pandemic, our research institute and Pune University are not being fully functional. We are in hotspot zone, our access to labs have been restricted. The present lockdown has been extended till 31st July, 2020, since positive cases are going up substantially, lockdown is most likely extended beyond 31st July. Therefore, we could not able to perform the suggested additional analysis. However, we feel that the analyses in the submitted manuscript are adequate enough to support the proposed study. Further, we accept the suggestion and we are planning to publish the detailed comparative analysis of 1627D vs. 1656D and 1627C vs. 1656C as a sequel to the present manuscript as and when things gets normal.

Comment 2:

Why not genes were selected based on their high fold change value (negative and positive) and drought-related instead of random selection just for validation of RNA-Seq identified DGEs. Also the gene expression analysis at 6, 12, 18, 24 days should have been performed to correlate with biochemical and physiological data related to drought stress.

Response: The purpose of the qRT-PCR in the present study was only to validate the transcriptomics data. Most of the transcripts we selected for qRT-analysis were directly linked with the drought stress. We already have performed biochemical analyses of drought related markers at different time points (6, 12, 18, 24 days). Many of the genes showed high fold change values were linked to these markers. The additional gene expression analysis would not add any additional information to the manuscript. The suggested analysis would have strengthened the validation only that we have adequately performed in the manuscript.

Comment 3:

The study comes out with a long list of drought stress-related such as genes encoding transcription factors, cytochrome P450, membrane transporters, flavonoids, and carbohydrate metabolism, etc. which showed differential expression behaviour in tolerant and susceptible genotypes, it would not be much helpful in understanding the key role players. Can authors enlist few candidate genes for drought stress in onion based on present study?

Response: Yes, we have listed few genes which showed multi-fold upregulation under drought stress in result section and their supporting discussion was incorporated in revised MS.

Comment 4:

"Total phenol content that directly linked with the onion pungency and found to be elevated in response to drought stress". Why none of the genes related to phenylpropanoid/Flavonoid pathway were included qRT-PCR.

Response: Thanks for the suggestion; we already performed total phenol analysis that is strongly linked with the pungency. The purpose of the qRT-PCR in the present study was only to validate the transcriptomics data. Therefore, we randomly selected genes for qRT-PCR to validate the RNAseq data without targeting any pathway. However, we will certainly target the Phenylpropanoid/Flavonoid pathways for further probing into the drought mechanisms in our future studies.

Comment 5:

Discussion lacks on up-regulated genes in tolerant genotype like WAT 1 related protein, NINJA family AFP1, Methyl malonyl co- A epimerase and 21KDa Protein.

Response: As per suggestion, we have added discussion on suggested genes in revised MS.

Comment 6:

Some figures labels needs clarity such as Figure 3 and Figure 5, the labels are difficult to read.

Response: Figure 3 and 5 are changed in revised MS.

Reviewer \#2:

Introduction about onion is very shallow. Provide the data of onion production and loss occurs due to other stress and then mention the yield loss due to drought.

Response: As per suggestion of reviewer, we have added data in revised MS.

Introduction line no. 70: mention the name of the genotypes.

Response: Names of genotypes were mentioned in revised MS

Introduction line no. 75-80 is the part of the result and do not need to describe here

Response: Suggested part is deleted in revised MS

MM: 89: 1656 and 1627 are the cv nos? specify clearly.

Response: These are accession number of genotypes under study. It is specified in revised MS.

MM: irrigated at 100% field capacity until they reached the 5-6 leaf stage, how come it is mentioned as field capacity, though plants are in pots.

Response: These plants were watered regularly as per the crop requirement so that they do not feel water stress

L188: mention the name of selected genes, and site the table for the primers here.

Response: Changes made as per suggestion in revised MS.

Fig1 A: change sample as genotypes and treatments.

Response: Changes made in figure as per suggestion

Morphological data should be added in main figure, shift from supplementary to main text.

Response: Morphological data is added in main manuscript as Figure 2.

L 200: significantly maintained the number of leaves, is it higher then edit the sentence as

Significantly maintained higher number of leaves

Response: Sentence modified as per suggestion

For membrane damage, authors are advised to include MDA data.

Response: Drought stress imposed at various stages of crop growth resulted in an increase of oxidative stress that causes considerable cellular membrane damage. The extent of damage to membranes was reflected by two main indicators i.e. cellular membrane stability index (MSI%) and lipid peroxidation (Accumulation of MDA). Both these parameter are most effective approach for quantifying the level of plant water stress. In the present work we quantify the cellular membrane stability index instead of lipid peroxidation as a consistent and good parameter indicating the cellular membrane damage in response to water stress. The data for MSI was included in Manuscript.

L 208, 209: incomplete sentence, please edit it: The observation recorded for leaf chlorophyll content was also in the same line 209 differing among the genotypes subjected to drought stress.

Response: Sentence is reframed as reviewer's suggestion

L 212: Total phenol content that directly linked with the onion pungency and found to be elevated in response to drought stress: and should be was

Response: Sentence modified as per suggestion

L258: needs to be place before and after respectively.

Response: Changes made in revised MS

Fig 3A-F, Fig. 5: font size is too small and is not readable.

Response: Figures are changed in revised submission

L 305-353: data mentioned in the result section should be properly checked as at some point the fold expression has not been mentioned. Authors should uniformly mention the fold expression, where it upregulated or down regulated

Response: Fold changes were mentioned in revised MS.

L 354-359: The real time expression in the result section is written as MM part and result is missing. Pl write the result part properly. Move this write up in MM.

Response: Result part is modified in revised MS as per reviewer's suggestion

Prediction of SSR data does not fit relevant.

Response: Changes made in revised MS

The authors are advised to correct the MS thoroughly.

Response: All advised corrections are made in revised MS, also the manuscript copyedited from \"Scholarly Editing and Translation Services Pvt. Ltd.\" professional services for language usage, spelling and grammar.
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Dear Dr. G,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Kundan Kumar, PhD

Academic Editor

PLOS ONE
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**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes
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4\. Have the authors made all data underlying the findings in their manuscript fully available?
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